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Synechocystis sp. PCC 6803The structure of the CyanoP subunit of photosystem II from the cyanobacterium Synechocystis sp. PCC 6803
has been determined in solution by Nuclear Magnetic Resonance spectroscopy. Combined with homology
modeling of PsbP-like structures we have identiﬁed distinct structural differences between PsbP homologues
which may account for the functional differences apparent between members of this protein family. A surface
cleft containing a large number of conserved residues found only in CyanoP and PsbP-like homologues has
been identiﬁed and our ﬁndings suggest that one of the potential cation binding sites found in CyanoP may
be functionally signiﬁcant. Evidence for the evolution and divergence of the PsbP super family is presented
from a structural perspective including identiﬁcation of residues which distinguish the PsbP family from
unrelated proteins with a similar domain fold. This article is part of a Special Issue entitled: Photosynthesis
Research for Sustainability: from Natural to Artiﬁcial.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Photosystem II (PS II) is a multisubunit pigment–protein complex
found in all oxygenic photoautotrophs which catalyzes the oxidation
of water yielding molecular oxygen. The PS II complex contains a core
membrane-embedded structure and a number of accessory extrinsic
subunits. These extrinsic subunits, the complement of which varies
between phyla, are found both on the lumenal and cytosolic sides of
the PS II complex [1–4]. In cyanobacteria, up to six extrinsic proteins
are found associated with PS II in the thylakoid lumen. Three of the
cyanobacterial subunits, CyanoP, CyanoQ and Psb27 (homologues of
the higher plant PsbP, PsbQ and Psb27 subunits) are characterized
by an N-terminal lipid modiﬁcation, forming a unique group of ex-
trinsic PS II lipoproteins found in the thylakoid lumen of cyanobac-
teria. These extrinsic lipoproteins are absent from all available
crystal structures of PS II [5–7].
The structure of cyanobacterial Psb27 has been determined by
both NMR spectroscopy and X-ray crystallography and high-
resolution crystallographic structures of CyanoQ from Synechocystis
sp. PCC 6803 (hereafter Synechocystis 6803) have been obtained in, photosystem II; PCC, Pasteur
f photosystem II
ynthesis Research for Sustain-
stry, University of Otago, P.O.
865; fax: +64 3 479 7866.
on-Rye).
rights reserved.the presence and absence of bound zinc [8–11]. In addition, a 2.8 Å
resolution crystal structure of CyanoP from Thermosynechococcus
elongatus has been reported, also containing a number of bound
zinc atoms [12]. However, the biological signiﬁcance of zinc binding
to the extrinsic subunits remains unresolved.
The structure of higher plant PS II can be distinguished from cya-
nobacterial PS II by the absence of the PsbU and PsbV extrinsic sub-
units and the presence of tightly bound PsbP and PsbQ subunits that
lack the N-terminal lipidation found in CyanoP and CyanoQ [3,13].
Whilst it is reported CyanoP and CyanoQ have undergone consider-
able genetic modiﬁcation to form PsbP and PsbQ of higher plants,
there is nonetheless a high degree of structural similarity in the fold
of the primary domains for both [4]. The structural similarity of the
cyanobacterial homologues to their higher plant counterparts has
thereby cast doubt upon the theory that PsbV and PsbU have been
functionally replaced by PsbP and PsbQ. The higher plant PsbP family
also contains a number of PsbP-like (PPL) homologues and phylogen-
tic analysis has revealed these homologues to be more closely related
to CyanoP, the predicted ancestor of PsbP than PsbP itself [14–17].
Despite insights provided by the new-found structural knowledge
of the PS II extrinsic proteins the precise roles of these subunits re-
main unresolved. Furthermore, distinct differences in the function of
extrinsic protein homologues between phyla are apparent. In Syne-
chocystis 6803 the CyanoQ subunit is found at stoichiometric levels
(to PS II) in combination with the PsbO, PsbU and PsbV subunits
and appears to bind centers with higher than average rates of oxygen
evolution, suggesting that these subunits are associated with fully
mature PS II centers [18]. In contrast, Synechocystis 6803 CyanoP
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preparations containing CyanoQ, yet it does appear present at stoi-
chiometric levels within the thylakoid membrane [19]. Thus it
seems CyanoP is either not directly associated with the mature PS II
complex or is removed during the puriﬁcation procedure [19–21].
The stoichiometric and functional relationships of CyanoP to PS II
do, however, remain a matter of conjecture. There is physiological ev-
idence to suggest that removal of CyanoP effects the cycling of the
Mn4O5Ca oxygen-evolving complex (OEC) in experiments employing
single-turnover actinic ﬂashes. In addition, the CyanoP protein is ab-
sent in mutants which lack assembled PS II complexes [19,22].
These observations suggest that CyanoP is either required to maintain
full activity in the mature PS II complex or required for correct bio-
genesis of PS II in cyanobacteria. Moreover, the PsbP protein of higher
plants appears to play a similar role in the function of the mature PS II
complex; however, in this case the N-terminal region of PsbP, which
differs from CyanoP, has been identiﬁed as important for binding
and function [23–28]. In addition, higher plant PsbP has been shown
to bind manganese in vitro and is required for efﬁcient photoactiva-
tion under manganese-limiting conditions. Hence a role has been
proposed whereby PsbP facilitates manganese incorporation into
the OEC [29,30].
The function of PsbP-like proteins in higher plants has also been
studied and distinct functions for the two PPL subunits have been
identiﬁed in Arabidopsis thaliana (hereafter Arabidopsis). It appears
that PPL1 is more closely related to CyanoP and plays a role in the re-
pair of photo-damaged PS II whilst PPL2 is associated with NAD(P)H
dehydrogenase accumulation [31]. To more clearly explore the bio-
logical role of CyanoP and the differences between higher plant
PsbP and PsbP-like subunits, we have determined the solution struc-
ture of CyanoP from Synechocystis 6803 in the absence of bound zinc
and used this additional knowledge to generate detailed structural
models for the higher plant PsbP-like subunits.
2. Materials and methods
2.1. Cloning and protein expression
The nucleotide sequence of sll1418, corresponding to the region
encoding Cys24 to the C-terminus of the Synechocystis 6803 CyanoP
protein, was ampliﬁed by PCR using the forward and reverse primers
5′-AATCGGATCCTGCAGTAGCCCCCAGGTG-3′ and 5′-GTGAATTCC-
TAGCTAGCTTGGGGCAACAGG-3′, respectively. Introduced BamHI
and EcoRI sites (shown underlined) were used to clone the truncated
ORF into pGEX-6-P-3 (GE Healthcare, Piscataway, NJ). The resultant
construct, encoding a glutathione S-transferase (GST) fusion protein,
was transformed into Escherichia coli BL21 (DE3) cells. A 10 mL over-
night culture was grown in LB media and the cells were harvested
and washed in minimal media lacking carbon or nitrogen sources
[32]. The washed cells were used to inoculate large-scale cultures
(500 mL each in 2 L bafﬂed ﬂasks) containing minimal media supple-
mented with 1 g/L 15N-NH4Cl and 2 g/L unlabeled D-glucose or 1 g/L
15N-NH4Cl and 2 g/L U-13C D-glucose. These cultures were grown at
22 °C to an OD600 nm of 0.4 before induction of expression with
0.4 mM isopropyl β-D-1-thiogalactopyranoside. After 6 h the cells
were harvested by centrifugation and re-suspended in 30 mL of phos-
phate buffered saline (PBS) (150 mM NaCl, 2.5 mM KCl, 10 mM
Na2HPO4, and 2 mM KH2PO4 (pH 7.4)). The re-suspended cells were
sonicated on ice for 3×1 min followed by addition of 1 mL of 20% Tri-
ton X-100 to the lysate and incubation for 30 min at 4 °C on a rotary
wheel.
The lysate was clariﬁed by centrifugation, twice at 12,000 g for
10 min, and the supernatant recovered as the soluble protein fraction.
Four milliliters of washed GST resin (Glutathione Sepharose 4B; GE
Healthcare, Piscataway, NJ) was then added to the lysate and incubat-
ed for 1 h at room temperature on a rotary wheel. The suspension waswashed three times in PBS and three additional times in a buffer con-
taining 50 mM tris-(hydroxymethyl)aminomethane (Tris)-HCl (pH
7.5), 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid and
1 mM dithiothreitol. Recombinant CyanoP was released by overnight
cleavage with GST-bound 3C protease (Novagen, La Jolla, CA). The lib-
erated recombinant peptides were collected in the supernatant and
included the entire predicted mature sequence of CyanoP (residues
24–188) as well as 5 N-terminal residues derived from the vector
(Gly-Pro-Leu-Gly-Ser) at the protease cleavage site. The proteins
were further puriﬁed by size exclusion chromatography with a Super-
dex 75 column and 25 mM sodium phosphate (pH 6.7) buffer con-
taining 10 mM NaCl before concentration with a 5 kDa molecular
weight cut off centrifuge concentrator which was pre-rinsed with
sterile distilled water. Polydispersity, as measured by dynamic light
scattering, was determined to be 12–14%, indicating that the samples
were essentially monodisperse. Samples for NMR spectroscopy con-
tained 0.4 mM protein in 25 mM sodium phosphate (pH 6.7),
10 mM NaCl, 5 mM tris (2-carboxyethyl)phosphine (TCEP), 0.02% so-
dium azide and 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) in
H2O:2H2O 95:5.
2.2. NMR spectroscopy and structure determination
A set of heteronuclear NMR spectra was acquired, for chemical
shift assignment and structure determination, at 25 °C on Bruker
AV-600 or AV-800 spectrometers equipped with cryogenically cooled
probes [33]. NMR spectra were processed using TOPSPIN (Bruker
Biospin) and analyzed with CCPNmr Analysis v2.1 [34]. Chemical
shifts were referenced to DSS. Dihedral backbone constraints were
generated from HN, Hα, Cα, Cβ and CO shifts using TALOS+ [35]. Sec-
ondary structure NOEs (HN-HN and HN-Hα) were manually assigned
before an initial structure determination run using an automated am-
biguous assignment protocol in CYANA 2.1 which included 15N-
HSQC-NOESY, 13C-HSQC-NOESY and 15N-ﬁltered 2D NOESY acquired
with mixing times of 100 ms [36]. Iterative cycles of manual NOE as-
signment and automated structure generation were performed be-
fore a near complete structure was reached. Hydrogen bond
restraints were subsequently added to deﬁned secondary structure
regions where their addition was supported by NOE peaks. The ﬁnal
20 CYANA structures were further reﬁned using a simulated anneal-
ing protocol in XPLOR-NIH 2.7 [37]. A total of 200 reﬁned structures
were generated and sorted according to minimal restraint violations
and the best 20 selected for inclusion in the released ensemble. Struc-
ture quality was validated using the Protein Structure Validation
Server (PSVS) and the Ramachandran statistics are according to Mol-
Probity [38,39]. Resonance assignments were deposited in the Biolog-
ical Magnetic Resonance Bank (BMRB) under the accession number
18167. The structure coordinates of the ﬁnal 20 structures have
been deposited in the Protein Data Bank (PDB) under the accession
code 2LNJ. The secondary structure elements were classiﬁed by con-
sensus amongst models of the ensemble using DSSP [40]. Where com-
parisons are made to homologue structures the author-assigned
secondary structural elements were also cross referenced with DSSP
for consistency.
2.3. Homology search and modeling
The search for domain homologues of Synechocystis 6803 CyanoP
in the PDB was performed using an N-terminal (19–31) truncated
Synechocystis 6803 CyanoP of the structure closest to the mean (ﬁrst
structure of the ensemble) [41,42]. For modeling of PsbP-like struc-
tures the PPL1 and PPL2 sequences from Arabidopsis (Uniprot
P82538 and O80634) were truncated to remove all N-terminal resi-
dues prior to the ﬁrst residue of the β1 strand of sheet 1. A default
Modeller 9.9 structure-based sequence alignment was manually edi-
ted by adjusting the loop regions using the aromatic residues which
N-term
C-term
E168H147
Fig. 1. Solution structure of CyanoP from Synechocystis 6803. View of the superposition
of the top 20 lowest energy conformers of CyanoP. Side chains are shown for represen-
tative residues in the ordered region. The N-terminus is colored blue and the
C-terminus red.
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ing was subsequently performed using the default Modeller script
for multiple templates and all four experimentally determined PsbP
homologue structures. For comparison homology models were also
generated using individual PsbP structure templates and although
subjective inspection of local conserved residue motifs suggested
that the models generated using all templates were more likely repre-
sentative of the actual protein folding, there was no apparent signiﬁ-
cant difference in the peptide geometry statistics by which models
are often validated [44]. The model residue numbering used through-
out is the same as per the annotated sequences in the database.
3. Results and discussion
3.1. Overall structure of CyanoP
We have determined the solution structure of CyanoP from Syne-
chocystis 6803 using heteronuclear NMR spectroscopy. CyanoP is a
188 residue protein that is proteolytically processed in Synechocystis
6803 to yield an N-terminal Cys (Cys24) that is predicted to be mod-
iﬁed by lipid attachment in vivo [20]. The solution structure obtained
is of residues 24–188 of CyanoP bearing 5 extra vector-derived resi-
dues (Gly-Pro-Leu-Gly-Ser). Chemical shift assignments were made
for 96.2% of backbone and side chain resonances with the only resi-
due unassigned being the N-terminal Gly19 that arises from the
vector-derived amino acids. The ﬁnal 20 models included in the re-
leased ensemble, reﬁned using simulated annealing, were chosen on
the basis of their stereochemical and energetic properties and have
no distance violations greater than 0.3 Å or dihedral angle violations
greater than 5°. A Ramachandran plot reveals that no residues have
ϕ or ψ angles outside the standard allowed areas within the structur-
ally ordered region (residues 32–188). Details of the experimentalTable 1
Summary of restraints and structural statistics for the 20 lowest energy structures of
CyanoP in aqueous solution at pH 6.7 and 25 °C.
Experimental constraints
Distance constraints
Intraresidue 546
Sequential (|i–j|=1) 680
Short range (1b |i–j|b5) 327
Long range (|i–j|b= 5) 726
Total 2279
Dihedral angle restraints (156 φ; 145 ψ) 301
Hydrogen bond restraints 73
RMSD from experimental distance restraints (Å) 0.016±0.002
RMSD from experimental dihedral restraints (°) 0.38±0.04
RMSD from idealized covalent geometry
Bonds (Å) 0.00287±0.00008
Angles (°) 0.464±0.006
Impropers (°) 0.274±0.009
Measures of structural quality
ELJ (kcal mol−1) −711.0±15.5
Ramachandran plot statistics for residues 32–188 (all residues)
Most favored regions 97.7% (96.6%)
Additionally allowed regions 2.3% (3.0%)
Disallowed regions 0.0% (0.4%)
Angular order: residues with S(φ)≥0.9, S(ψ)≥0.9 160, 156
Violations
Distance constraint violations >0.3 Å 0
Dihedral constraint violations >5° 0
Coordinate precision
Mean pairwise RMSD (Å), 20 structures Cα, C, N All heavy atoms
Residues 32–188 0.59±0.09 1.34±0.08constraints and coordinate precision are summarized in Table 1. Res-
idues 32–188 of CyanoP are well ordered (Fig. 1) with a pairwise
backbone RMSD of 0.59 Å. In contrast to these well ordered residues,
the N-terminal region (the cloning artifact in addition to residues
24–31) is characterized by an absence of medium and long range
NOEs, low backbone angular order parameters and lack of long-
range order (Fig. 1).
CyanoP in solution forms an αβα structure with the central fea-
ture a β-sheet packed between two α-helices (Fig. 2A). The second-
ary structure of CyanoP contains ten β strands (β1: 32–37; β2:
42–47; β3: 50–54; β4: 63–68; β5: 75–82; β6: 114–126; β7:
129–140; β8: 143–155; β9: 158–166; β10: 186–187) and four α he-
lices (α1: 89–92; α2: 95–110; α3: 168–171; α4:175–184) (Fig. 2).
The β strands are organized into two anti-parallel β sheets (sheet 1:
β1-2-10; sheet 2: β3-4-5-9-8-7-6). The β1 and β2 strands are linked
by an α turn (Asp37-Gly41) whilst β hairpin turns connect strands
β6-7 (Glu126-Gln129; type II), β7-8 (Val140-Asn143; type I) and
β8-9 (Asn155-Lys158; type II). Loops connect elements β3-4 (loop
1), β4-5 (loop 2), β5-α1 (loop 3) and α2-β6 (loop 4).
The overall domain fold of CyanoP from Synechocystis 6803 is sim-
ilar to that observed in the CyanoP crystal structure from the thermo-
philic cyanobacterium T. elongatus (PDB: 2XB3) and higher plant PsbP
homologues from Spinacia oleracea (spinach, PDB: 2VU4) and Nicoti-
ana tabacum (tobacco, PDB: 1V2B). The pairwise backbone RMSDs
over the ordered region (residues 32–188) between CyanoP from
Synechocystis 6803 and those of T. elongatus, S. oleracea and N. taba-
cum are 1.68 Å, 2.03 Å and 2.08 Å, respectively [12,45,46]. Important-
ly, the NMR structure presented here includes residues that are
absent from the current PsbP and CyanoP crystal structures (Figs. 2
and 3).
3.2. Secondary structure
The short helix α1 is well conserved between all homologues;
however, in the crystal structures the helix appears to exhibit hydro-
gen bonding characteristic of a 310 helix as opposed to the α helix ob-
served in the Synechocystis 6803 CyanoP solution structure
(supported by experimentally observed NOEs). In contrast, the most
pronounced difference between the solution structure of CyanoP
from Synechocystis 6803 and all of the available PsbP homologue
structures is helix α2. In Synechocystis 6803 the observed NOEs and
β1
α1
β2
β3
β4β6
β7 β8
β9
α2
α3
α4
N-term
C-term
β5
β1
β2
β3
β4
β5
β6
β7
β8
β9 β10
Loop1
Loop2
Loop3
Loop4
A
C
B
α4
α3
β1 β2 β3 Loop1 β4 Loop2 β5 Loop3 α1
Loop4    β6 β7 β8 β9 α4α3 β10
α2
Fig. 2. Ribbon representation and secondary structure of CyanoP. A: The closest to the average model of the Synechocystis 6803 solution structure ensemble showing the secondary
structure elements. B: Same as in (A) rotated 90° about the horizontal axis. C: Sequence alignment of PsbP from a: Synechocystis 6803, b: T. elongatus, c: Spinach. Residues which are
invariant within phyla are colored green and those which are highly conserved within phyla are colored orange. Secondary structure elements for the Synechocystis 6803 structure
are shown for reference. Residues missing from the crystal structures are underlined. Numbering of the spinach sequence is according to the PDB 2VU4 structure.
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in both the higher plant structures two short helices substitute α2
and are followed by a missing loop region for which no deﬁned elec-
tron density was observed. The T. elongatus CyanoP structure contains
a helix more closely resembling the Synechocystis 6803 α2 helix and
the loop region was modeled into the electron density; but, the B fac-
tors in this region are higher than average for the structure which
may suggest that this helix and loop are less ordered in the crystal lat-
tice than the rest of the peptide.
The helical region near the C-terminus generally appears consis-
tent between structures although in some instances there are differ-
ences in the loop between the two helices. Notably in T. elongatus,
helix α3 appears contiguous with helix α4; it is possible, however,
that the limited resolution of this structure may not have allowed dis-
tinction of the loop transition between the two helices. The backbone
corresponding to helix α4 exhibits a similar topology between all
structures, whilst helix α3 is less similar and sometimes takes the
form of either a 310 helix or a loop. The lysine residue at the start of
helix α4 in Synechocystis 6803 (Lys175) is conserved with a lysine
equivalent in spinach (Lys173) and a glutamate in T. elongatus
(Glu170). The presence of a charged residue at this position is poten-
tially signiﬁcant given the link identiﬁed between lysine residues of
higher plant PsbP and binding to PS II [47]. In general the β strands
of sheets 1 and 2 are of similar length and topology between Synecho-
cystis 6803 CyanoP and the structures of all three other PsbP homo-
logues. The main exceptions are the extended β strands β6, β7 and
β8 which are immediately adjacent to loop regions not modeled in
the higher plant structures. In this region of sheet 2 the Synechocystis
6803 CyanoP structure contains a number of β bulges, apparent from
the corresponding NOE cross peaks, which increase the right-handed
twist of the sheet and may promote more favorable geometry for res-
idues within the turns linking these strands.3.3. Loop regions
Previous phylogenetic and sequence analysis has identiﬁed the
loop regions of PsbP family members as evolutionarily diverse ele-
ments which differentiate homologues within the PsbP superfamily
[14]. Indeed there are signiﬁcant structural differences apparent with-
in the loop regions not only between CyanoP and homologues from
higher plants but also between CyanoP homologues. The topography
of loop 1 varies between the CyanoP solution structure presented
here from Synechocystis 6803 and that of the crystal structure from
T. elongatus. In Synechocystis 6803 the loop contains three additional
residues compared with that of T. elongatus, thus appearing larger
and more similar to that of the higher plant PsbP structures which
contain two more residues in this loop than T. elongatus. Furthermore
the increased backbone disorder observed between models in the so-
lution state CyanoP ensemble suggests that this loop region is dynamic
in solution. The backbone conformation of loop 2 also differs between
the solution state and crystal structures; however, the side chain ori-
entations of the surface-accessible, conserved residues Ile70, Glu74
and Asn75 (equivalent to Ile60, Glu65 and Asn66 in T. elongatus) are
similar in both CyanoP structures. The conserved nature of this loop
region suggests that it might be important for the function of CyanoP.
The electron density for the loop residues between strands β7 and β8
is missing in all of the current crystal structures, whereas the Synecho-
cystis 6803 CyanoP sequence contains fewer residues in this loop and
these residues form a deﬁned β turn (Figs. 2 and 3).
3.4. Surface topography
One face of the CyanoP protein contains a large surface cleft
bounded by loop 1 and helix α2 (the L1H2 face) (Fig. 4A). A number
of residues which are highly conserved amongst cyanobacteria
AZ1
Z4
B
Fig. 3. Comparison of the Synechocystis 6803 solution structure (blue)with A: T. elongatus
CyanoP (red) and B: Spinach PsbP (orange). Backbone Cα trace is shown superimposed in
the same orientation as that in Fig. 2A. Zinc atoms are shown as they appear in the PDB
entries; several of the sites are also coordinated by residues from symmetry related mol-
ecules. The zinc sites discussed in the text are labeled accordingly. Dashed lines indicate
where residues are absent from the crystal structures.
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Asn75 (equivalent to Lys143 and Asn58 in spinach PsbP) are located
at the head of the cavity, the polar side chains of residues Ser78,
Thr161 and Ser165 are oriented toward the pocket as are the highly
conserved hydrophobic residues Val65, Leu89, Val98 and Leu158. In
close proximity to the cavity are a number of residues identiﬁed by
conserved surface residue analysis (ConSurf server) as signiﬁcant:
Val53, Val55, Arg67, Ile79, Ser81, Leu92, Phe102, Arg114, Val138,
Val152 and Asp163 [48]. Overall the base of the cavity is predomi-
nantly hydrophobic, similar to the T. elongatus structure. In contrast,
the opposite face of CyanoP contains a lower number of conserved
or ConSurf identiﬁed residues with surface accessible side chains.
The charged residue identiﬁed at the start of helix α4 (Lys175) is sur-
face exposed.
Whilst the T. elongatus CyanoP structure has a similar surface to-
pography on the L1H2 face to Synechocystis 6803, the surface cleft is
not present in the spinach or tobacco PsbP structures; instead the
middle section of the cleft is ﬁlled, leaving only a small hydrophobic
pocket towards the base and the upper surface exposed portion
containing Asn58 and Lys143 (Fig. 4B).3.5. Homologue modeling
The αβα sandwich domain fold of CyanoP is shared with a num-
ber of other protein structures deposited in the PDB, including the eu-
karyotic nuclear import protein Mog1 (1EQ6) and the proteins of
unknown function 1TU1 and 3LYD, as previously reported [12,46]. A
DALI search using the Synechocystis 6803 CyanoP solution structure
presented here revealed that the N-terminal domain of the PDB
entry 3HLZ, an unidentiﬁed protein from the gram-negative bacteri-
um Bacteroides thetaiotaomicron, also shares a similar fold. Compari-
son of the residues shared between structures of the αβα sandwich
basal fold family members revealed a number of aromatic residues
at key positions which may contribute to the domain fold [49]. This
information provides a base ‘scaffold’ for the PsbP superfamily upon
which we have aligned the PsbP-like sequences from Arabidopsis
and subsequently modeled the PPL1 and PPL2 structures on all four
of the experimentally determined PsbP structures (Fig. 5). This
allowed us to further examine, at a structural level, the loop and sec-
ondary structure elements that differentiate PsbP homologues. Inter-
estingly, the higher plant PsbP, PPL and CyanoP structures contain
two conserved core aromatic residues (Tyr131 and Tyr132 in Syne-
chocystis 6803) which are in close structural agreement between all
PsbP homologues yet are not found in other αβα sandwich family
members. These appear to differentiate PsbP from other proteins
with a similar domain fold and suggest that the structurally similar
proteins may have evolved independently of each other despite
their apparent 3D similarity.
Closer inspection of loop 1 and helix α2, which border the L1H2
surface cleft in CyanoP, reveals a number of distinct differences be-
tween PsbP homologues. The tobacco and spinach structures contain
additional aromatic side chains in loop 1 and helix α2 which appear
to stabilize loop 1 and bridge the region where the cleft is found in
both CyanoP structures. In spinach PsbP the proline (Pro43) in loop
1 appears to interact with Tyr86 in helix 2 and immediately preceding
this proline is either a phenylalanine in spinach or a tyrosine in tobac-
co PsbP which appears to interact with hydrophobic residues in helix
2. The PsbP-like sequence from Arabidopsis PPL1 does not contain
these aromatic residues and thus is more similar to CyanoP in struc-
ture (furthermore PPL1 lacks the proline in loop 1). An aromatic res-
idue (Phe72) equivalent to spinach Tyr86 is present in PPL2 but the
surface topography of the L1H2 face for both the PPL1 and PPL2
models is more similar to CyanoP than higher plant PsbP. The same
holds true even when only the higher plant structures are used as a
template for model generation; however, in the models generated
with all available PsbP homologue templates the surface cleft does
appear more pronounced. In general, the models for PPL1 and PPL2
used for this study which incorporate information for all experimen-
tally determined structures appear of higher quality than using data
derived from higher plant homologues alone. The residues found at
the head of the L1H2 surface cleft (Asn75 and Arg146 in the Synecho-
cystis 6803 structure) are not conserved in PPL1 or PPL2. In each case
there is substitution for a polar residue; Ser42 in PPL1 and Thr108 in
PPL2. These substitutions and differences in surface topography may,
in part, account for the differences in function observed for PPL pro-
teins versus PsbP in higher plants.
3.6. Cation binding sites
It has been suggested higher plant PsbP may bind and deliver
manganese to PS II and although this theory does ﬁt with physiolog-
ical evidence to support a role for PsbP in photoactivation, reports of
direct manganese binding by higher plant PsbP in vitro are disputed
[50]. However, as only higher plant PsbP was examined it remains
possible that CyanoP and or the PPL subunits do perform this role or
a similar ion-delivery function. In support of this theory the crystal
structure of CyanoP from T. elongatus contains a number of bound
A B
N75
α2
Loop 1
Loop 1
α2a
α2b
R146
Loop 4 N58
K143
S165
S78
T161
L158
V98
L89
V65
Fig. 4. Surface view of A: CyanoP from Synechocystis 6803 (residues 32–188) compared to B: PsbP from spinach. Invariant residues (within phyla) are colored green and highly
conserved residues in orange according to Fig. 2. The orientation of the structures is the same as that in Fig. 2A and the secondary structure is shown underneath the surface for
reference. For CyanoP the yellow colored residues are additional residues identiﬁed by ConSurf analysis.
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[12]. Based upon ligand conservation within PsbP homologues across
a range of phyla the Z4 site was identiﬁed as most likely to be physio-
logically signiﬁcant. The equivalent site in the spinach PsbP structureA
N75
R146
C
D37
D40
D63
P60
F102
Y136
S120
R187
D86
D89
D108
F178
H
Fig. 5. Secondary structure features and residues of PsbP homologues. A: Synechocystis 680
aromatic residues are colored orange, the aromatics in close proximity to the L1H2 cleft g
blue. Structures were superimposed on Synechocystis 6803 CyanoP and the orientation isalso contained a zinc atom (designated Z1) but the tobacco structure
does not contain a zinc ion at this site. The ligands for Z4 (zinc num-
bering from here on is according to the T. elongatus structure) are also
conserved in the Synechocystis 6803 CyanoP structure (His147 andB
D
N58
K143
P43
Y86
F42
N127
T194
D93
D96
D115
F158
Y185
114
3, B: Spinach, C: Arabidopsis PPL1 model, D: Arabidopsis PPL2 model. Conserved core
reen, the Z1 ligands red and the charged or polar residues mentioned in the text are
according to Fig. 2A.
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Fig. 6. Comparison of the Z1 binding site between CyanoP (A: Synechocystis 6803,
B: T. elongatus) and PsbP-like homologues (C: PPL1, D: PPL2). The zinc ion in T.
elongatus is shown as a yellow sphere. In the T. elongatus crystal structure E164
from a symmetry related molecule provides another ligand for Z1.
1337S.A. Jackson et al. / Biochimica et Biophysica Acta 1817 (2012) 1331–1338Glu168). Furthermore the side chains of both potential ligands are
disordered and appear mobile, consistent with the lack of NOEs ob-
served for these residues (Fig. 1). This site is also conserved in PPL1
(His110 and Glu131), however, the PPL2 modeled structure contains
only one ligand (Glu130) as the other is substituted with threonine
(Thr109). If the Z4 site is functionally important then this distinction
between PPL1 and PPL2 may in part account for the differences in
phenotypes observed between mutants in Arabidopsis [31].
Examination of CyanoP homologues and modeled PPL structures
also suggests that another site, the Z1 site from the T. elongatus pro-
tein, might be physiologically signiﬁcant. The ligands co-ordinating
Z1 in T. elongatus (Asp31, Asp34 and Asp54) are conserved in the Cya-
noP structure from Synechocystis 6803 with three aspartate residues
in similar positions yet with different side chain orientations; in
the absence of bound zinc it is unlikely the side chains will exhibit
similar orientations as those in the T. elongatus structure
(Fig. 6A–B). The distances between the side chains appear greater in
the CyanoP structure from Synechocystis 6803, consistent with the
lack of bound zinc at this site. It is possible that the binding of a
metal ion at this site stabilizes loop 1; stabilization of this loop region
in the presence of bound zinc in the CyanoP crystallographic structure
from T. elongatus is evident by below average B values of the residues
concerned.
The α turn between strands β1 and β2, containing two of the Z1
ligands, is similar in both cyanobacterial homologues and the mod-
eled PPL1 and PPL2 structures yet distinct from higher plant struc-
tures. PPL1 and PPL2 also contain equivalent aspartate ligands
suggesting this is an important site in CyanoP and PsbP-like proteins
(Fig. 6C–D). The precise ligand nature and geometry of the Z1 site is
not, however, conserved amongst all cyanobacteria; other CyanoP se-
quences contain an Asp-Gly-Arg motif in the turn between strands β1
and β2 and either an aspartate, glutamate or glutamine residue for
the other ligands. Intriguingly, the region similar to the Z1 site inthe structurally related Mog1 protein has been identiﬁed as function-
ally important for binding to another protein (Ran) [51].
The remaining putative zinc binding sites identiﬁed in the
T. elongatus structure appear less likely to represent bona ﬁde cation
binding sites. The residues involved in Z2 coordination, Glu87 and
Asp91 correspond to threonine and tyrosine residues (Thr96 and
Tyr100) in Synechocystis 6803 which do not generally support zinc
coordination [52]. The other Z2 ligands, His58 and Thr63, from a sym-
metry related molecule in the crystal lattice, are both equivalent to
arginine residues (Arg67 and Arg72) in the CyanoP structure from
Synechocystis 6803 which, again, are not common zinc ligands. The
arginine residue in the ﬁrst position (Arg67) is equivalent to a gluta-
mate (Glu50) in spinach. In both PPL1 and PPL2 the residue in this
position is a lysine which suggests that the presence of charged
side chains may substitute for zinc binding or could possibly be in-
volved in charge speciﬁc interactions. Similarly the Z3 and Z5 sites
are monodentate ligands and thus not likely to support zinc binding
in vivo without a signiﬁcant ligand contribution from another source.4. Conclusion
We have determined, by solution state NMR spectroscopy, the
structure of CyanoP – the cyanobacterial PsbP homologue – from
Synechocystis 6803. The αβα sandwich fold is highly similar to the
crystal structures previously determined for PsbP homologues from
higher plants and T. elongatus. Despite the apparent similarities in
the domain fold of the PS II CyanoP subunit from cyanobacteria and
its higher plant homologue, there appears to be distinct evolutionary
differences in the function of the PsbP protein. The same is true of
CyanoQ and PsbQ and the functional differences observed between
phyla for both may correlate with the loss of the PsbU and PsbV ex-
trinsic subunits in higher plants.
These functional differences might be attributed to a number of
the different residues and features identiﬁed in this study. For exam-
ple, whilst our ﬁndings are in agreement with previous studies sug-
gesting a functional role for the loop regions of PsbP we have also
identiﬁed a surface cleft on the L1H2 face distinctive of CyanoP and
PsbP-like structures which might differentiate these homologues
from the higher plant PsbP subunit. The disorder observed in loop 1
bounding the L1H2 cleft suggests it is ﬂexible in solution and there-
fore potentially may undergo a conformational shift upon binding or
interaction with another protein subunit. Furthermore, we speculate
that there may be a link between the Z1 metal binding site and loop
1; however, the role of zinc binding to CyanoP and PsbP-like proteins
remains to be examined at a physiological level in vivo.Acknowledgement
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